Two homeobox-containing genes, tinman and bagpipe, play important roles during the specification of the midgut visceral musculature from the mesoderm during Drosophila embryogenesis. Expression of tinman in the dorsal mesoderm activates the expression of the bagpipe gene in segmental subsets of those cells, which then become determined to form the midgut visceral mesoderm. Understanding how the bagpipe gene affects this specification requires the isolation and characterization of its downstream target genes. Using an enhancer trap line that expresses its marker in the midgut visceral mesoderm, we have cloned and characterized a novel gene (vimar) that is expressed embryonically in the mid and hindgut visceral mesoderm, as well as in the CNS and PNS. The expression of this gene in the midgut visceral mesoderm initiates shortly after bagpipe expression and depends on bagpipe function. Maternal and zygotic transcripts are produced from this gene by alternative polyadenylation, and encode the same 634-amino acid protein. The vimar protein contains 15 tandem copies of the Armadillo repeat, a protein interaction domain, and is similar to mammalian Smg guanine dissociation stimulator protein, which stimulates the activity of a number of different p21 small G-proteins. These results, together with the observed lethality of vimar mutations, indicate that vimar is one of the bagpipe target genes that are required for normal development and differentiation of the midgut visceral mesoderm.
Introduction
While the mechanisms underlying the early events of mesoderm formation in Drosophila are being understood in greater detail, less is known about the later regulatory events during segregation and differentiation of the three major muscle types: somatic, visceral and cardiac. During early embryogenesis, a nuclear gradient of the maternallyexpressed Dorsal protein along the dorsal-ventral axis at the blastoderm stage activates the ventral expression of the zygotic genes twist and snail (Roth et al., 1989; Rushlow et al., 1989; Steward, 1989; Jiang et al., 1991; Thisse et al., 1991; Ip et al., 1992) , transcriptional regulators which activate or repress genes, respectively, in the mesoderm anlage.
The twist gene, in particular, is important for the activation of genes in the mesoderm that are necessary for its further subdivision into different anlagen Leptin, 1991) . Among the genes activated by twist is the homeobox gene tinman (Bodmer et al., 1990; Azpiazu and Frasch, 1993; Bodmer, 1993; Yin et al., 1997) , which is initially expressed in the entire mesoderm. Subsequently, in response to an inductive signal from the overlying dorsal ectoderm that is mediated by the Dpp protein, the domain of tinman expression is restricted to the dorsal mesoderm (Staehling-Hampton et al., 1994; Frasch, 1995) . As a consequence, cells in this portion of the mesoderm become determined to form the midgut visceral musculature, dorsal muscles and the dorsal vessel (heart). In particular, the dorsally-restricted Tinman, in combination with other regulators, is responsible for activating the expression in the dorsal mesoderm of another homeobox gene, bagpipe, which is required for determining the anlage of the midgut visceral mesoderm (Azpiazu and Frasch, 1993; Azpiazu et al., 1996) . Expression of bagpipe in the midgut visceral mesoderm anlage is first detected as 11 patches in the dorsal mesoderm of the middle body region of stage-10 embryos. During stage 11, these bagpipe-expressing patches of cells elongate along the anterior-posterior axis and eventually fuse with each other to form the continuous band of visceral mesoderm, after which bagpipe expression in these cells disappears. Thus, the cascade of regulatory gene interactions which lead to the determination of a particular muscle type, in this case the midgut visceral musculature, has been reasonably well defined. However, the molecular events subsequent to the expression of the bagpipe gene which result in the specific differentiation of the midgut visceral musculature from the dorsal mesoderm are unknown. Central to the elucidation of these processes is the identification of genes which are dependent on bagpipe expression in the visceral mesoderm and may be crucial for the proper differentiation of the midgut visceral mesoderm. Among the approaches for identifying developmentally-interesting genes in Drosophila, enhancer trap screens have been especially useful. Numerous enhancer trap lines have been generated with temporally-and spatially-restricted patterns of expression as a result of the insertion of the P-lacZ transposon into or near developmentally-regulated genes (Bellen et al., 1989; Bier et al., 1989; Perrimon et al., 1991; Hartenstein and Jan, 1992) , and it is possible to conveniently isolate these genes using the P-lacZ transposon. Therefore, in order to identify potential downstream target genes of bagpipe in the midgut visceral mesoderm, we examined an enhancer trap line that demonstrated expression of its 'trapped' gene in the midgut visceral mesoderm in a similar pattern as described for bagpipe. Based on this approach, we have cloned and characterized a novel gene that is expressed in the visceral mesoderm and whose expression in the midgut visceral mesoderm is dependent on bagpipe. This gene encodes a protein that is homologous to the human and bovine Smg guanine dissociation stimulator (GDS) for certain members of the p21 family of small G-proteins and which contains 15 tandem copies of the Armadillo repeat, a protein interaction domain. Based on this gene's tissuespecific expression and the sequence of its encoded protein, we have named it the vimar (visceral mesodermal armadillo-repeats) gene.
Results and discussion

The B6-2-30 enhancer trap line expresses lacZ in the midgut and hindgut visceral mesoderm and in the nervous system
In order to identify novel downstream target genes of bagpipe that may be involved in the specification or differentiation of the visceral mesodermal lineage during Drosophila embryogenesis, we have examined the P-lacZ enhancer trap line B6-2-30 which expresses the lacZ marker in the embryonic visceral mesoderm. This semi-lethal enhancer trap line was derived from a screen using the PlacW transposon (Bier et al., 1989) and its expression was initially described as being in the embryonic somatic and visceral musculature (Hartenstein and Jan, 1992) . Our examination of the expression pattern of this enhancer trap line reveals that it is strongly expressed in the visceral mesoderm but not in the somatic mesoderm. In addition, expression is observed in the PNS and CNS, which had not been previously described. The first detectable b-gal staining is seen in a segmentally-repeated subset of the PNS precursor cells in stage-10 embryos (Fig. 1A) . By mid-stage 11, expression occurs in the prospective midgut and hindgut visceral mesodermal cells in a gradient that increases strongly from anterior to posterior (Fig. 1B) . This pattern of expression in the visceral mesoderm is maintained (Fig. 1C) until the later stages of embryogenesis, when staining of the CNS can also be seen (Fig. 1D) . Expression in the PNS and CNS is observed into the late stages of embryogenesis (Fig. 1E ).
Molecular cloning and characterization of the vimar gene
Genomic DNA flanking both sides of the P-lacW transposon insertion in B6-2-30 were recovered separately by plasmid rescue and the presence of coding sequences was verified by in situ hybridization of embryos with these two genomic rescue plasmids. One of these plasmids yielded a pattern of in situ hybridization that was similar to that observed for the b-gal expression described above (data not shown). A 4-8-h embryonic cDNA library probed with this genomic rescue plasmid yielded two major classes of cDNAs of 3.0 and 3.5 kb. Both cDNAs produced the same pattern of in situ hybridization staining in embryos.
Expression of the vimar gene is first weakly detected in the mesoderm of stage-9 embryos (Fig. 1F) . In early stage-10 embryos, mesodermal expression has increased considerably and is mostly restricted to the prospective hindgut and midgut visceral mesoderm, the latter being visible as 11 patches in the dorsal mesoderm (Fig. 1G) . Expression can also be clearly seen in the segmentally-repeated subset of PNS precursor cells at this stage. After the completion of germband retraction and dorsal closure, the 11 patches of staining corresponding to the midgut visceral mesodermal cells have fused together and show a gradient of expression that increases from anterior to posterior, while strong expression is still maintained in the hindgut visceral mesoderm (Fig. 1H) . At this stage expression is now also detected in the CNS. The expression of vimar in the midgut visceral mesoderm decreases through the rest of embryogenesis so that by stage 17 it is barely detectable there, while it still remains strong in the hindgut visceral mesoderm (Fig. 1I) . Expression in these late-stage embryos is still observed in the CNS (Fig. 1I ,J) and PNS (Fig. 1J) , and expression is also detected in the gonadal mesoderm (Fig. 1J) .
Developmental Northern analysis using the larger 3.5-kb cDNA as a probe detected two mRNA species, of 3.2 and 3.7 kb (Fig. 2) . Expression of the 3.7-kb mRNA is first seen at a low level in 2-4-h embryos which increases to a high level in 4-8-h embryos and then decreases gradually until pupariation. There is a moderate increase in the level of this mRNA in pupae and adult flies, with a somewhat higher level in adult males than in females. This pattern of expression of the 3.7-kb mRNA indicates that it is a zygoticallytranscribed message. In contrast to this expression pattern, the 3.2-kb species is first detected at a high level in 0-2-h embryos and first decreases steeply in 2-4-h embryos and then gradually through the end of embryogenesis and larval development until it becomes undetectable. In adults, a high level of this mRNA species is detected in females, while a much lower level is seen in males. Such an expression profile indicates that the 3.2-kb species is a maternally-transcribed message.
Genomic clones were also isolated using the genomic rescue plasmid. Based on restriction mapping, Southern hybridizations with cDNA inserts and a comparison of the cDNA sequences with the partial sequences of the genomic rescue plasmids, the genomic organization of the 5′ end of this gene and the P-lacW insertion site were determined (Fig. 3) . The P-lacW insertion of B6-2-30 is located 16 bp downstream of the start of the 3.5-kb cDNA and 271 bp upstream of the start of a long open reading frame in the presumed first exon. This is followed by an intron that is at least 4.3 kb in length and the remainder of the coding sequences in the succeeding 4.3 kb interval.
The vimar cDNAs encode an Armadillo repeatcontaining protein similar to the Smg guanine dissociation stimulator (GDS)
The 3.5-kb cDNA was sequenced in its entirety and found to contain a long opening reading frame coding for 634 amino acids (Fig. 4) . A database search with this protein sequence revealed sequence similarities to the human and bovine Smg GDS proteins (Fig. 5A) . While the degree of similarity is relatively low, with only 27% identity and 47% similarity, it extends over nearly the entire length of the protein when gaps are introduced to maximize the alignment. The Smg GDS protein was originally isolated as a guanine exchange factor that stimulates the GDP/GTP exchange reaction of the mammalian Rap1 small G-protein (Yamamoto et al., 1990; Kaibuchi et al., 1991 . It was subsequently demonstrated that, in addition to Rap1, the Smg GDS could stimulate other small G-proteins including K-Ras, RhoA and Rac1 Hiraoka et al., 1992) . The Ras/Rap and Rho/Rac small G-proteins comprise distinct families of the p21 small G-protein superfamily and the Smg GDS is unique in being the only GDS that is (Cavener, 1987) is shown boxed while the polyadenylation consensus sequence is underlined. The complete 3.5-kb sequence has been given the GenBank accession number AF034421.
multispecific for small G-proteins from different families (Boguski and McCormick, 1993) . The Ras/Rap proteins are involved in the control of growth and differentiation (for a review see Bollag and McCormick, 1991) , whereas the Rho/Rac proteins appear to play a role in regulating the actin cytoskeleton and integrin function (for a review see Hall, 1994) . In Drosophila, the Ras proteins are crucial for signal transduction in various developmental processes, including the Sevenless pathway in eye development (for a review see Wassarman et al., 1995) and the Torso pathway in embryonic terminal differentiation (for a review see Duffy and Perrimon, 1994) . Rho/Rac homologs in Drosophila also have important developmental roles (Luo et al., 1994; Harden et al., 1995; Hariharan et al., 1995) ; in particular, mutant forms of Drac1, the Drosophila homolog of Rac, cause defects in myoblast fusion and axonogenesis (Luo et al., 1994) . In addition to its stimulatory effect on the GDP/GTP exchange reaction, Smg GDS also inhibits the interactions of the lipid-modified forms of these small G-proteins with the plasma membrane (Kawamura et al., , 1993 . However, while these biochemical functions have been defined, there is as yet no clear understanding of the physiological function of this protein. Due to the weak similarity of the vimar protein to the human and bovine Smg GDS proteins, it is also unclear whether the vimar protein is the Drosophila ortholog or paralog of these proteins. The Smg GDS protein is composed almost entirely of 11 tandem copies of a degenerate repeat sequence named the Armadillo (Arm) repeat (Peifer et al., 1994; Küssel and Frasch, 1995) . This repeat of approximately 42 amino acids was initially defined in the Armadillo protein (Riggleman et al., 1989), a Drosophila segment polarity gene product that is homologous to mammalian b-catenin. An analogous alignment of the vimar protein against the Arm repeat consensus sequence (see Küssel and Frasch, 1995) reveals that it is also almost entirely comprised of 15 tandem copies of the Arm repeat, of which two are incomplete (Fig.  5B) . The Arm-repeat domain of mouse b-catenin has recently been determined to form a superhelix of a-helices in which each Arm repeat consists of a bundle of three ahelices: a short helix (H1) and two longer helices (H2 and H3) (Huber et al., 1997) . Previous deletion studies have localized the protein interaction sites of b-catenin to its Arm repeat domain and based on this 3-D structure it has been proposed that this domain interacts with the protein ligands of b-catenin through the shallow groove of the superhelix that is structurally defined by the multiple tandem Arm repeats. The register of the alignment of the Arm repeats in Fig. 5B is shown in accordance with the register of this structurally-determined order of residues in the Arm repeats of mouse b-catenin. While both the vimar and mammalian smgGDS proteins are composed almost entirely of Armadillo repeats, their similarity to each other is not solely due to the degeneracy of the Armadillo repeat consensus sequence, since in 301 matches (identities and similarities) between the two proteins, only 167 occur at Armadillo repeat consensus positions, and of these 167 matches there are 37 which do not fit the Armadillo repeat consensus sequence. In addition, no other known Armadillo repeats protein was present among the top 25 protein sequences extracted by the BLAST database search.
Based on comparative restriction mapping, the 3.0-kb cDNA appeared to be a truncated version of the 3.5-kb cDNA, missing the last 0.5 kb. Sequencing of about 200 bp at the 3′ end of the 3.0-kb cDNA confirmed that it has a poly(A) tail after position 2934 of the 3.5-kb cDNA which is 16 bp downstream of a consensus AAUAAA polyadenylation site. The rest of the 200-bp partial sequence at the 3′ end is identical to the corresponding portion of the 3.5-kb cDNA. The sequence of roughly 400 bp flanking either side of the same internal HindIII site (position 1053 of the 3.5-kb cDNA) in both cDNAs is also identical. Therefore, it appears that the two different cDNAs are alternative polyadenylation products. Partial sequencing of the 5′ end of the 3.0-kb cDNA revealed a few minor sequence differences from the 5′ end of the 3.5-kb cDNA. The 3.0-kb cDNA starts with a G instead of a T at position 4 of the 3.5-kb cDNA and there is a 3-bp insertion at position 286, which would introduce a serine residue after the second amino acid of the long open reading frame of the 3.5-kb cDNA. These sequence differences are assumed to be polymorphisms.
The vimar gene is a downstream target of bagpipe
The domains of expression of vimar in the prospective visceral mesodermal cells of the midgut and hindgut during stage 10 and early stage 11 are very similar to those of bagpipe. Expression of bagpipe is first observed in stage-10 embryos in 11 patches of the dorsal mesoderm that will give rise to the midgut visceral mesoderm. This expression (Altschul et al., 1997) . Identities are indicated by a vertical bar while similar residues are indicated by a colon. (B) The 15 internal Armadillo repeats of the vimar protein from amino acids 1 to 622 are shown aligned according to the Arm repeat consensus sequence derived in Küssel and Frasch (1995) . In order to maximize the alignment, gaps (shown by dashes) have been introduced and small groups of amino acids have been looped out (shown as smaller letters above the main sequence). Identical and similar residues at the Arm repeat consensus positions are shown highlighted in black. Similar amino acids are defined as: (A, V, L, I and M) and (D, E, N and Q) . At a consensus position where two different groups of amino acids are found, the less common group of residues is shown shaded in gray. Indicated above the aligned repeats are the boundaries of the three a helices that comprise each Arm repeat, as determined for the structure of the Arm repeats of b-catenin. Immediately below the aligned repeats is a specific consensus for the vimar protein internal repeats in which residues that are present four or more times at any position from helix 1 to 3 are indicated. is transient, disappearing by the end of stage 11 after these patches have begun to fuse along the anterior-posterior axis to form the midgut visceral mesoderm. Expression is also observed in the prospective fore and hindgut visceral mesoderm (Azpiazu and Frasch, 1993) . Since the bagpipe gene encodes a homeodomain-containing protein and may therefore control the expression of various downstream genes in prospective visceral mesodermal cells, we sought to determine whether vimar was one such possible target gene. In wildtype stage-10 embryos, the vimar gene is expressed in the prospective hindgut visceral mesoderm and the 11 patches of dorsal mesoderm comprising the midgut visceral mesoderm during its segregation towards the interior of the embryo. Additionally, there is expression in PNS precursor cells (Fig. 6A,B) . In comparison, embryos that are homozygous for a bagpipe deletion show no detectable expression of vimar in the prospective midgut visceral mesodermal cells, while expression in the prospective hindgut visceral mesodermal cells remains intact. Thus, bagpipe is required for the expression of the vimar gene in the prospective midgut visceral mesoderm cells but not in the prospective hindgut visceral mesoderm. The lack of any effect of the bagpipe deletion on the expression of vimar in the prospective hindgut visceral mesoderm is consistent with the observation that a bagpipe mutation has no discernible effect on the hindgut visceral mesoderm (Azpiazu and Frasch, 1993) .
Since a mutation in bagpipe affects the development of the midgut visceral mesoderm (Azpiazu and Frasch, 1993) and expression of the vimar gene is lost in the precursor cells of this tissue as result of a deletion of bagpipe, we sought to determine whether vimar is required for the normal development of the mid-and hindgut visceral mesoderm. The vimar gene was localized to 42E2-3 by poly-tene chromosome in situs (data not shown). Four deficiencies which uncover this cytogenetic region complement the semi-lethality of the B6-2-30 chromosome, indicating that the P-lacW insertion of B6-2-30 is viable (see Section 3). Deletions of the genomic sequences flanking the insertion were obtained by imprecise excision of the transposon and tested for lethality over one of the deficiencies (Df (2R)Drl rv17 ) which uncovers the region of the gene. Several lethal excisions were obtained and one of these (F39-167) was determined to have a deletion removing the portion of the exon downstream of the P-lacW insertion site and an undetermined portion of the adjacent intron (Fig. 3) . The lethal phase of all of these imprecise lethal excisions over Df(2R)Drl rv17 appears to be postembryonic. When embryos of this genotype were examined for early visceral mesoderm development with anti-fasciclin III antibodies, and for later visceral mesoderm development with anti-myosin antibodies, no detectable abnormalities with respect to the visceral mesoderm and gut constrictions were observed (data not shown). This lack of a visible phenotype in the embryonic visceral mesoderm could be due to maternal rescue or to the fact that none of these imprecise lethal excision alleles are null mutations, even though they do not have detectable levels of embryonic vimar expression (data not shown). Alternatively, loss of embryonic vimar expression may affect visceral mesodermal function without any obvious visible defect in the morphology of the gut of fully-developed embryos and the effect of the mutation could then be manifested as lethality in post-embryonic stages. An example of the latter type of mutation occurs in the case of the b3 tubulin gene of Drosophila. While this tubulin isoform is mesoderm-and muscle-specific, severe mutations in this gene, which result in death in the first instar, show no obvious defects in the ultrastructure or function of the larval muscles (Dettman et al., 1996) . Elucidation of the function of the vimar gene will require further genetic analysis to delineate its biological function. The generation of mutations that are clearly amorphic and a detailed analysis of their phenotype should yield clues to its possible role as a downstream target gene of bagpipe that is involved in the differentiation of the midgut visceral mesoderm. In addition, determination of the subcellular localization of the vimar protein and studies to determine whether it can act as a guanine exchange factor for certain Drosophila small G-proteins will assist in understanding the biochemical function of this novel protein.
Experimental procedures
Molecular characterization of the vimar gene
Genomic DNA flanking the P-lacW insertion of B6-2-30 was plasmid rescued by circularization of EcoR I-digested (for upstream flanking DNA) or BamH I-and Bgl IIdigested (for downstream flanking DNA) B6-2-30 genomic DNA to generate pGR-B-l and pGR-B-r, respectively. The genomic DNA insert from pGR-B-l, which showed a nearly identical in situ hybridization expression pattern as the b-gal staining of the enhancer trap line, was used as a probe to isolate genomic clones from a lEMBL4 library and cDNA clones from a 4-8-h embryonic plasmid library (Brown and Kafatos, 1988) . The 3.5-kb vimar cDNA insert was sequenced on both strands by double-stranded sequencing both automatically with a 373A-DNA sequencer (Applied Biosystems, Foster City, CA) and manually with Sequenase, v.2 (USB, Cleveland, OH). Northern hybridization was done as described in Azpiazu and Frasch (1993) .
Antibody and in situ hybridization staining
These were done for embryos as described in Azpiazu and Frasch (1993) ; in addition, in situ hybridizations were carried out at 55°C with DIG-labeled T7 RNA transcripts of the vimar 3.5-kb cDNA insert. Mouse anti-b-gal antibody was purchased from Sigma (St. Louis, MO). Muscle myosin antiserum was obtained from Dan Kiehart and anti-fasciclin III antibody from Developmental Studies Hybridoma Bank (Iowa).
Drosophila stocks
The B6-2-30 enhancer trap line was obtained from the Jan lab through Rolf Bodmer. The Df(2R)Drl rv deficiency chromosomes (Heitzler et al., 1993) balanced over CyO were obtained from John Roote. The bagpipe deletion strain Df(3R)e-D7, tin re58 /TM3, ftz-lacZ (Jagla et al., 1997) was derived by recombining a genomic tinman rescue construct (Azpiazu and Frasch, 1993) with the Df(3R)e-D7 deficiency chromosome. All other stocks and chromosomes described were obtained from the Bloomington stock center.
Expression of the vimar gene in bagpipe deletion homozygous embryos
Embryos collected from the bagpipe deletion strain Df(3R)e-D7, tin re58 /TM3, ftz-lacZ were stained with anti-bgal antibody and in situ hybridized with an RNA DIGlabeled vimar 3.5-kb cDNA antisense probe. The homozygous Df(3R)e-D7, tin re58 embryos were identified by their lack of anti-b-gal staining. Stained embryos were sectioned as described in Leptin and Grunewald (1990) .
Generation of imprecise excision lethal mutations in the vimar gene
The B6-2-30 insertion chromosome is strongly semilethal as a homozygote; however, the P-lacW insertion into the vimar gene is itself viable since the semi-lethality is complemented by four deficiencies which uncover the cytogenetic location (42E2-3) of the insertion: Df(2R) cn88b [42A1-19;42E1-7] [42C7; 43C7] . This indicates that the B6-2-30 insertion is linked with a separate semi-lethal mutation. Lethal imprecise excisions of the P-lacW transposon from the B6-2-30 insertion were obtained by crossing y w; P{lacW}B6-2-30/CyO; TM3, Sb,D2-3 (99B)/+ males with w; Sco/CyO virgin females. Excisions (denoted as *) of the P-lacW element were isolated as */CyO flies and tested for lethality by crossing with the Df(2R)Drl rv17 /SM6B, ftz-lacZ deficiency strain. The recovered lethal excisions were balanced over the SM6B, ftz-lacZ-marked balancer chromosome. For the analysis of possible phenotypes in the embryonic gut musculature, the lethal excisions balanced over SM6B, ftz-lacZ were crossed with Df(2R)Drl rv17 /SM6B, ftz-lacZ flies and the embryos were double-antibody-stained with anti-b-gal antibody (allowing identification of embryos with the lethal excision over Df(2R)Drl rv17 , which are b-gal minus) and either anti-fasciclin III (for early visceral mesoderm) or anti-myosin (for late visceral mesoderm).
